The tether-assisted synthesis of [3] rotaxane by olefin metathesis has been studied in detail. Bis(crown ether)s, in which two crown ethers are connected by a linker, were threaded onto ammonium salts bearing a terminal olefin to form pseudorotaxanes. The pseudorotaxanes were converted into tethered rotaxanes in the presence of Grubbs catalyst, followed by removal of the linkers to produce [3]rotaxanes in excellent yields. Preorganization of the two reactive ends led to the great improvement in the yield of [3] rotaxanes. The ring strain of the tethered rotaxanes and the flexibility of the pseudorotaxanes were responsible for the formation of the tethered rotaxanes.
Introduction
Rotaxanes, consisting of dumbbell-shaped molecules that are threaded through one or more macrocycles, are an attractive research field within supramolecular chemistry. 1 Their unique molecular architectures have attracted great interest and imply potential applications in new materials and nano-scale molecular devices.
Therefore, the synthesis of these molecules has been intensively studied. Initially, the synthesis of the interlocked rotaxane structures was accomplished using a statistical threading approach, in which the statistical probability of threading a linear molecule through the annulus of a macrocycle to form an interpenetrated rotaxane was very low. 2 To overcome the low yields obtained by this technique, a variety of methodologies have been developed. The application of templation strategies has led to a great improvement in the yields of the rotaxane synthesis. Templation based on the supramolecular concept was achieved using hydrogen bonding, donor-acceptor interactions, and metal complexation, leading to effective assembly of the cyclic components and the linear backbone. 3 A variety of reactions, including copper(I)-catalyzed alkyne-azide 1,3-dipolar cycloaddition, oxidative coupling of alkynes, and imine formation, have been explored for successful formation of covalent bonds to prevent the dethreading of macrocycles from the linear backbone. 4 Other possible strategies, such as clipping, capping, slipping, and entering, have also been developed for the high-yield assembly of rotaxane. 5 These recent developments in the synthesis of rotaxanes have allowed the fabrication of molecular machines, molecular muscles, nanoelectromechanical systems, and nanovehicles. 6 The concept of preorganization proposed by Cram has played an important role in supramolecular chemistry and host-guest chemistry. course of this study, the metathesis reaction has been applied to the synthesis of rotaxane. 14 Inspired by the concept of preorganization, we describe here a full account of tether-assisted synthetic methodology of [3] rotaxane via olefin metathesis.
Results and Discussion
One of the most straightforward [3] rotaxane synthetic methods is the coupling of two [2] pseudorotaxanes, which consist of a half dumbbell-shaped component threaded through a macrocyclic wheel. Half dumbbell-shaped ammonium salt 2 bearing a terminal C=C double bond threads through the cavity of crown ether 1 to give pseudorotaxane 1•2, which can be directly subjected to the metathesis reaction to produce 1•3•1 (Scheme 1). This reaction process is sterically and entropically unfavorable. The encounter between the two macrocycles might create a serious steric interaction; one or both of the macrocycles can slip away from the half dumbbellshaped molecule to form [2]rotaxane 1•3 and/or the simple dumbbell-shaped molecule 3, reducing the yield of [3] rotaxane. When two half dumbbell-shaped components thread into bis-macrocycle 4, in which the two macrocycles is covalently connected each other with a suitable linkage, the subsequent coupling reaction should proceed easily because the two terminal olefins are already preorganized to react with each other to give the tethered rotaxane 3•4 (Scheme 2). The removal of the linkage can give rise to the [3] rotaxane 1•3•1. Scheme 1. Synthesis of [3] rotaxane by olefin metathesis using crown ether. for 1,4-butanediol, 4b for 1,6-hexanediol, and 4c for 1,8-octanediol.
To study the binding behavior of crown 1 and ammonium salt 2b, a standard titration experiment was carried out using of ammonium salts 2a-c in CH 2 Cl 2 was treated with 10 mol % of 2nd generation Grubbs catalyst. 17 The isolated yields of [3] The metathesis reactions of 2 in the presence of 1 produced [3]-and [2] rotaxanes, the ratios of which were remarkably less than the theoretical value of 8.0. During the metathesis reaction, the two crown ethers come together and probably create a serious steric interaction that decreases the yield of the [3] rotaxane and increases that of the [2]rotaxane; in fact, the shorter the ammonium salts 2, the lower the ratio of chemical yields of [3] rotaxane to [2]rotaxane. Figure 2 ). The rate of cyclization may be explained in terms of the activation energy and the probability of end-to-end encounters. The activation energy is thought to reflect the strain energy of the formation of small and medium rings, while the ring strain of large membered cyclic system is commonly negligible.
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Although the formation process of the rotaxane is too complicated to be understood in detail, the entropic contribution upon the cyclization may rationalize the results presented here. The tethered rotaxane forms via macrocyclization; thus, the entropic contribution, meaning the probability of end-to-end encounters, should mainly drive the reaction pathway. The probability of an end-to-end encounter generally decreases with increasing distance between the two reactive ends. Increasing the length of the linkers connecting the two crown ethers reduces the probability of the encounter of the two terminal olefins for the formation of complex 2•4•2. The probabilities are also influenced by the flexibility of the terminal olefin. The more flexible the pseudorotaxane 2•4•2 becomes, the greater the entropic cost of complexation. In the series of the reaction of pseudorotaxane with 2b, in which the [3] rotaxane was obtained in excellent yield, the most flexible pseudorotaxane 2b•4c•2b must pay the largest entropic cost during the cyclization; thus, the lowest yield of tethered rotaxane 3b•4c 19 can be rationalized by the entropic contribution. However, 2b•4a•2b, having a shorter linker, gave a lower yield of the [3] rotaxane than 2b•4b•2b (entries 5 and 6).
The macrocyclization process may result in an increase in the steric energy of 3a•4b, which may decrease the yield of the tethered rotaxane. This result suggests that the steric interaction between the two crown moieties cannot be negligible; in fact, [3] rotaxane 1•3a•1 was obtained with monocrown ether 1 in 21% yield (entry 4), which was lower than the yields of 40% and 44% when 2b and 2c were reacted with 1 (entries 8 and 12).
To estimate the steric interaction during the cyclization of pseudorotaxanes 2•4•2, molecular mechanics calculations of tethered rotaxanes 3•4 may be informative.
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Molecular mechanics calculations of tethered rotaxanes 3•4 were carried out using MacroModel V9.1. Initial geometries were generated using the Monte Carlo/Low-Mode search mixed method, and the structural optimizations were performed using the OPLS2005 force field with the GB/SA solvation parameters for chloroform.
All of the combinations of 3a-c and 4a-c were calculated. A characteristic example of the calculated structures of tethered rotaxane 3b•4b is shown in Figure 3 . The ammonium salts form the hydrogen bonding interactions with the crown ethers, and the alkyl chains connecting the two crown rings adopt the extended zigzag conformation. The two aromatic rings of each crown moiety are tilted inward to reduce the unfavorable steric interactions with the two tert-butyl groups placed at the aromatic ring of the ammonium salt. The cyclization of 2•4•2 is an intramolecular process producing [3] 
Conclusion
We have demonstrated the synthesis of [3] rotaxane using bis(crown ether)s under olefin metathesis conditions. The bis(crown ether)s are threaded by ammonium salts to form the pseudorotaxanes, in which the two terminal olefins are preorganized to accommodate the metathesis reaction. Bis(crown ether)s and ammonium salts thereby form pseudorotaxanes that show efficient reactivity to produce the tethered rotaxanes, subsequent tether-cleavage of which afford [3] rotaxane in excellent yield. The formation of the tethered rotaxanes is influenced not only by the length of the tether connecting the two crown ethers but also by the flexibility of the axles. To achieve rational design of prereactive intermediates toward [3] rotaxane synthesis, enthalpic and entropic contributions must be carefully treated. This study does not perfectly rationalize the yield of the [3] rotaxanes, but the molecular mechanics calculations of the tethered rotaxanes are informative for estimating their ease of cyclization.
Experimental Section
General Procedures. All reactions were carried out under an argon atmosphere unless otherwise noted.
THF was freshly distilled over sodium benzophenone. Dichloromethane was freshly distilled over CaH 2 . Column chromatography was performed using Merck silica gel (70-230 mesh). All reagents were of commercial grade and were used without further purification.
3,5-Bis(1,1-dimethylethyl)-N-5-hexen-1-yl-benzamide
The addition of 5-hexen-1-amine (5a) 15a (100 mg, 1.01 mmol) to a solution of 3,5-di- 
3,5-Bis(1,1-dimethylethyl)-N-7-octen-1-yl-benzamide
The addition of 7-octen-1-amine (5b) After being refluxed for 5 hours, the reaction mixture was quenched with 1 M HCl and extracted with CHCl 3 . The organic layer was washed with saturated NaHCO 3 and brine and was dried over anhydrous Na 2 SO 4 . After removing Na 2 SO 4 by filtration, the solvent was concentrated in vacuo. The crude product was purified by column chromatography on silica gel (20% ethyl acetate in hexane) to give 3.9 g of amide (11.4 mmol, 66% 
3,5-Bis(1,1-dimethylethyl)-N-9-decen-1-yl-benzamide
The addition of 9-decen-1-amine (5c) 15c (1.8 g, 11.6 mmol) to a solution of 3,5-ditert-butylbenzoic acid (2.7 g, 11.5 mmol), EDCI•HCl (3.5 g, 18.3 mmol), and a catalytic amount of DMAP in dry CH 2 Cl 2 (100 mL) occurred at room temperature.
After being refluxed for 5 hours, the reaction mixture was quenched with 1 M HCl and extracted with CHCl 3 . The organic layer was washed with saturated NaHCO 3 and brine and was dried over anhydrous Na 2 SO 4 . After removing Na 2 SO 4 by filtration, the solvent was concentrated in vacuo. The crude product was purified by column chromatography on silica gel (20% ethyl acetate in hexane) to give 3.5 g of amide (9.42 mmol, 81% 
3,5-Bis(1,1-dimethylethyl)-N-7-hexen-1-yl-benzenemethanamine (6a)
LiAlH 4 (0.25 g, 6.59 mmol) was carefully added to a solution of 3,5-bis(1,1-dimethylethyl)-N-7-hexen-1-yl-benzamide (1.9 g, 6.02 mmol) in dry THF (60 mL) at 0 °C. After being refluxed for 3 hours, the reaction mixture was quenched with saturated aqueous Na 2 SO 4 , and the resulting precipitate was filtrated off. The filtrate was concentrated in vacuo. The crude product was purified by column chromatography on silica gel (5% methanol in CHCl 3 ) to give 1.8 g of amine 6a (5.97 mmol, 99%). 7, 139.5, 138.8, 122.3, 120.9, 114.4, 54.7, 49.5, 34.8, 33.6, 31.5, 29.5, 26.7 
3,5-Bis(1,1-dimethylethyl)-N-7-octen-1-yl-benzenemethanamine (6b)
LiAlH 4 (0.5 g, 13.2 mmol) was carefully added to a solution of 3,5-bis(1,1-dimethylethyl)-N-7-octen-1-yl-benzamide (3.9 g, 11.4 mmol) in dry THF (100 mL), at 0 °C. After being refluxed for 3 hours, the reaction mixture was quenched with saturated aqueous Na 2 SO 4 , and the resulting precipitate was filtrated off. The filtrate was concentrated in vacuo. The crude product was purified by column chromatography on silica gel (CHCl 3 ) to give 2.6 g of amine 6b (7.9 mmol, 69%). 7, 139.4, 139.1, 122.3, 120.9, 114.2, 54.7, 49.6, 34.8, 33.7, 31.5, 29.9, 29.0, 28.8, 27 
3,5-Bis(1,1-dimethylethyl)-N-7-decen-1-yl-benzenemethanamine (6c)
LiAlH 4 (0.37 g, 9.75 mmol) was carefully added to a solution of 3,5-bis(1,1-dimethylethyl)-N-7-decen-1-yl-benzamide (3.3 g, 8 .88 mmol) in dry THF (90 mL) at 0 °C. After being refluxed for 3 hours, the reaction mixture was quenched with saturated aqueous Na 2 SO 4 , and the resulting precipitate was filtrated off. The filtrate was concentrated in vacuo. The crude product was purified by column chromatography on silica gel (5% methanol in CH 2 Cl 2 ) to give 3.0 g of amine 6c
(8.39 mmol, 94% 7, 139.2, 122.3, 121.0, 114.1, 54.6, 49.6, 34.8, 33.8, 31.5, 29.9, 29.5, 29.4, 29.1, 28.9, 27.4 
3,5-Bis(1,1-dimethylethyl)-N-7-octen-1-yl-benzenemethanammonium hexafluorophosphate (2b)
Concentrated HCL was added dropwise to a solution of the amine 6b (1.9 g, 5.8 mmol) in methanol (25 mL) until the resulting solution was of pH 2. After being stirred for 2 hours, evaporation of the solvents produced a white solid that was dissolved in acetone (25 mL). Excess NH 4 PF 6 was added to the solution. The solvent was removed in vacuo, and the residue was dissolved by hot water and then cooled to room temperature. The precipitated white solid was collected by filtration to give ammonium salt 2b (2.5 g, 92%). 5, 138.6, 128.2, 124.1, 114.5, 52.8, 46.9, 34.9, 33.4, 31.3, 28.4, 28.2, 25.9, 25.7 
3,5-Bis(1,1-dimethylethyl)-N-5-decen-1-yl-benzenemethanammonium hexafluorophosphate (2c)
Following the procedure for preparation of 2b, 3.8 g of 2c (7.55 mmol, >99%) was obtained from 6c (2.7 g, 7.55 mmol). 6, 139.0, 128.2, 124.2, 124.1, 114.2, 52.9, 47.1, 43.9, 34.9, 33.7, 31.3, 29.0, 28.8, 28.8, 26.0, 25. 
Synthesis of bis(crown ether) 4a
The addition of 1,4-butanediol (22 mg, 0.24 mmol) to a solution of 6,7,9,10,12,13,20,21,23,24,26,27-dodecahydrodibenz[b,n][1,4,7,10,13,16,19,22] octaoxacyclotetracosin-2-carboxylic acid (7) (250 mg, 0.51 mmol), EDCI•HCl (240 mg, 1.25 mmol), and a catalytic amount of DMAP in dry CH 2 Cl 2 (2 mL) occurred at room temperature. After stirring for 5 hours, the reaction mixture was poured into ice-cooled 1 M HCl and extracted with CHCl 3 . The organic layer was washed with saturated NaHCO 3 and brine and was dried over anhydrous Na 2 SO 4 . After removing Na 2 SO 4 by filtration, the solvent was concentrated in vacuo. The crude product was purified by column chromatography on silica gel (5% MeOH in CHCl 3 ) to give 240 mg of 4a (0.23 mmol, 92%).  166. 2, 152.9, 148.8, 148.2, 123.8, 122.9, 121.4, 114.3, 114.0, 112.0, 71.4, 71.3, 71.2, 69.9, 69.7, 69.6, 69.5, 69.4, 69.3, 69.2, 25.6 
Synthesis of bis(crown ether) 4b
Following the procedure for preparation of 4a, 7 (250 mg, 0.41 mmol), EDCI•HCl 3, 152.8, 148.9, 148.2, 123.8, 123.1, 121.4, 114.4, 114.0, 112.0, 71.5, 71.4, 71.3, 69.9, 69.8, 69.6, 69.5, 69.4, 69.3, 69.2, 28.7, 25.8; HRMS (FAB, NBA matrix) 4, 152.8, 148.9, 148.2, 123.8, 123.2, 121.4, 114.4, 114.0, 112.0, 71.4, 71.3, 71.2, 69.9, 69.8, 69.6, 69.5, 69.4, 69.3, 69.2, 29.2, 28.7, 25.9; HRMS (FAB, NBA matrix) 
General procedure for synthesis of [3]rotaxane 1•3•1
A solution of ammonium salt 2 (0.1 mmol) and bis(crown ether) 4 (0.05 mmol) in dry CH 2 Cl 2 (2 mL) was stirred for 30 min in a sealed tube. Second generation Grubbs catalyst was added to the solution. After being stirred for 5 hours at 50 °C, the reaction mixture was passed through a silica gel pad (10% methanol in CHCl 3 ). The solvent was removed, and a brownish solid was obtained.
The solid was treated with KOMe in dry methanol at 50 °C for 12 hours. The reaction mixture was quenched with saturated aqueous NH 4 Cl and extracted with CHCl 3 . The organic layer was dried over anhydrous Na 2 SO 4 . After removing Na 2 SO 4 by filtration, the solvent was concentrated in vacuo. The crude product was purified by GPC (CHCl 3 ) to give [3] 3, 151.5, 151.2, 147.0, 131.4, 124.1, 123.8, 123.1, 121.7, 113.2, 112.5, 111.7, 70.5, 70.45, 70.4, 69.9, 69.7, 68.3, 68.2, 68.1, 52.6, 51.9, 48.9, 34.6, 32.1, 31.8, 31.2, 28.9, 28.5, 28.2, 26.2, 26 151.6, 151.4, 147.2, 141.6, 131.5, 124.5, 124.4, 124.3, 123.3, 121.9, 113.4, 112.7, 111.9, 70.7, 70.6, 70.0, 69.9, 68.5, 68.4, 68.2, 52.8, 52.1, 49.1, 34.9, 34.8, 31.3, 29.7, 26 3, 151.5, 151.3, 149.6, 147.2, 131.5, 124.2, 123.9, 123.6, 123.1, 121.8, 113.3, 112.6, 112.5, 111.8, 70.6, 70.5, 70.4, 70.0, 69.8, 68.4, 68.3, 68.2, 68.1, 52.7, 51.9, 49.0, 34.7, 32.3, 31.2, 29.4, 29.0, 28.8, 28.6, 26.3, 26 3, 151.7, 151.5, 147.1, 141.5, 131.4, 124.3, 123.9, 123.3, 123.2, 121.9, 113.3, 112.6, 111.8, 70.6, 70.5, 70.0, 69.9, 68.5, 68.4, 68.2, 52.7, 52.0, 49.0, 34.8, 34.7, 32.4, 31.3, 31.2, 29.6, 29.3, 28.9, 28.8, 26.3, 25.9 151.4, 147.5, 147.1, 131,7, 129.9, 124.55, 124.47, 124.2, 123.5, 123.3, 121.9, 113.3, 112.9, 112.1, 70.6, 70.5, 70.0, 69.8, 69.6, 68.7, 68.6, 68.3, 64.9, 64.8, 64.6, 52.7, 49.1, 34.8, 32.03, 31.99, 31.7, 31.35, 31.28, 31.23, 29.0, 28.9, 28.12, 28.08, 26.3, 26.2, 26. 0, 152.9, 151.6, 151.3, 148.9, 147.2, 131.6, 124.2, 124.0, 123.5, 123.2, 121.8, 121.5, 114.1, 113.2, 112.6, 71.3, 70.7, 70.1, 69.9, 69.6, 69.4, 69.2, 68.5, 68.2, 6.9, 64.7, 52.8, 49.2, 34.7, 31.9, 31.3, 28.7, 26.4, 26.2, 25.7 151.4, 149.7, 147.4, 147.1, 135.9, 131.7, 129.9, 129.5, 124.4, 124.3, 124.2, 123.7, 123.3, 121.9, 113.3, 113.0, 112.9, 112.1, 70.59, 70.51, 70.46, 70.0, 69.8, 69.6, 68.7, 68.6, 68.3, 64.9, 64.9, 52.7, 49.1, 34.8, 32.2, 31.9, 31.4, 31.3, 29.1, 29.0, 28.93, 28.85, 28.7, 28.5, 28.2, 26.3, 26.2, 26.11, 26.07, 25.9, 25.8, 25.7; HRMS (ESI) .
Determination of the association constant
Determination of the association constant for crown ether 1 and axle precursor 2b was carried out using a 1 H NMR titration technique in dichloromethane-d2. The complex of 1 with 2b at 25 °C was in slow exchange on the NMR timescale and displayed well-resolved signals for the free and bound forms. The relative intensities of the protons of free and bound 2b, along with the known concentrations of 1 and 2b, were used to determine an association constant (Ka) at 25 °C, 5800 ± 1200.
Molecular modeling
Molecular mechanics calculations on the tethered rotaxanes were performed with the MacroModel V9.1 program package. Ten thousand initial geometries were generated by a low-mode and Monte Carlo mixed search option, and the given geometries were optimized by a conjugate gradient energy minimization using the OPLS2005 force field with the GB/SA solvation parameters for CHCl 3 .
